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ABSTRACT
This study used ground penetrating radar (GPR) with 160 MHz and 50 MHz
antennae to image up to 30 m of the subsurface in the southwestern Shelby to investigate
the upper Claiborne confining unit (UCCU) underlying the Mississippi River Valley
Alluvial (MRVA) aquifer. Interpretations with limited ground-truthing from nearby well
logs show that the GPR frequencies could penetrate deep enough but lost resolution due
to signal attenuation in saturated, fine sediments. Interpreted data shows shallow
subsurface stratigraphy and deformation in the area. Faults and fractures are evident in
radargrams from Horn Lake cut-off (HLC) and Ensley Bottoms Pump Station (EBPS).
Fractures in unconsolidated sediments likely to increase vertical hydraulic conductivity
locally. A concave upward reflection at EBPS immediately west of the bluff line is
interpreted as N-S trending fault dipping toward the west may present a pathway for
vertical water migration from the MRVA to the Memphis aquifer.
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CHAPTER 1: INTRODUCTION
The City of Memphis, and Shelby County, Tennessee, draws the majority of its
municipal, industrial and agricultural water supply from the Memphis aquifer, and to a lesser
degree, from the underlying Fort Pillow aquifer, at a rate of over 122x107 cubic meters per day
(322 billion gallons per day) as of 2015 (Dieter et al., 2018). The estimated reserve of
groundwater in the Memphis aquifer is about 2.16x1014 cubic meters (57 trillion gallons) beneath
Shelby County (Waldron, personal communication). Most of the water is pumped from wells
managed by Memphis Light, Gas, and Water (MLGW), the major municipal utility in Shelby
County. Historical and current pumping has created a composite cone of depression in the
potentiometric surface of the Memphis aquifer around well fields increasing the potential for a
downward hydrologic gradient from the shallow aquifer system, including the Mississippi River
Valley Alluvial (MRVA) aquifer, to the underlying, semi-confined Memphis aquifer (Criner et
al., 1964; Bell and Nyman, 1968; Parks and Lounsbury, 1976; Graham and Parks, 1986; Parks
and Carmichael, 1990; Parks and Mirecki, 1992; Parks et al., 1995; Larsen et al., 2003, 2013,
2016; Gentry et al., 2005, 2006; Ivey et al., 2008; Koban et al., 2011).
The downward hydraulic gradient between vertically stacked aquifers may allow water to
readily pass through discontinuities within a fine-grained confining unit, or an aquitard, to reach
a deeper aquifer. These localized discontinuities in an aquitard are termed as breaches and are
challenging to identify without extensive subsurface investigation (Waldron et al., 2009).
Previous studies have identified several breaches in the upper Claiborne confining unit
(UCCU), a protective clay layer above the Memphis aquifer, in the Memphis area (Graham and
Parks, 1986; Parks, 1990; Parks et al., 1995; Waldron et al., 2009; Larsen et al., 2016;
Carmichael et al., 2018). Most of these investigations have generally identified the breaches
1

indirectly using chemical, hydrologic, or well log data. Parks (1990) used borehole geologic and
geophysical logs. Few recent studies used seismic and resistivity methods to understand the
extent and geometry of the breaches. Waldron et al. (2009) and Schoefernacker (2018) imaged
the subsurface using seismic and resistivity data, respectively, to understand the geometry of the
breaches. Waldron et al. (2009) collected and analyzed shear-wave data near the Shelby County
Landfill (SCL), and suspected that more breaches are present in Shelby County, especially in
President’s Island and Ensley Bottom, and Schoefernacker (2018) used resistivity to study the
breaches. Ogletree (2016) and Konduru Narsimha (2007) used the water table to identify the
verification of the anomalous areas, which later termed as known or suspected breaches (?).
These techniques provide indirect evidence for breaches but rarely can confirm the extent,
orientation, or internal stratigraphic structure of the breaches.
The Horn Lake cut-off area lies along the Mississippi River (MR) valley margin (Figure
1A, 1B, and 1C) and is characterized by a deep channel filled with gravel-rich deposits. The
deep incision by the Mississippi River may have eroded the confining layer, introducing
hydrologic breaches in the area. Hydrogeologic breaches have been identified near the Horn
Lake cut-off (Parks et al., 1995), as well as south of McKellar Lake beneath the Tennessee
Valley Authority coal ash ponds (Carmichael et al., 2018). Breaches are also suspected along the
bluff line east of President Island within the MRVA (Figure 1B,and 1C) but need further
investigation to confirm their presence (Jazaei et al., 2018).
Ground Penetrating Radar (GPR) is a non-invasive electromagnetic profiling technique
used for high-resolution mapping of subsurface features (Benson, 1995). GPR techniques have
been successfully employed in geological (e.g., Carrozzo et al., 2003; Nobes and Ferguson,
2001; McMechan et al., 1998), hydrological and hydrogeological studies (e.g., Van Overmeeren,
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1998; Beres and Haeni, 1991), and in the study of water contamination (e.g., Benson, 1995;
Daniels et al., 1995). The relative dielectric permittivity (RDP) of the subsurface material can be
determined using GPR by transmitting radio frequency waves through an antenna and receiving
it with a receiver. The contrast in the RDP of the soil material can be visualized using a GPR
radargram, an image of the subsurface produced by stacking the returned electromagnetic
signals. GPR not only decreases costs by reducing time in the field and eliminates potential
damage to property, it also allows one to collect very large datasets. In this study, we used two
different GPR frequencies to investigate the presence or absence of the top of UCCU and other
features, imaged by GPR, to a depth of penetration of 30 m. The minimum depth of the top of the
UCCU found by Parks et al. (1995) from the geologic well logs was 26m in the study area
(Figure 1C). The GPR analyses done in this research approaches the depth limits of geologic
resolution.
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C
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Figure 1: (A) Map showing the extent of the MRVA. The red box is showing the location of Shelby County. (B) Location of the study
area in the context of Shelby County and MRVA. The red box indicates the research area. (C) Map showing known and suspected
breaches in the study area along with the well fields present within a 10-mile radius. Breaches shown in the map are digitized from
Brown (1993)
4

CHAPTER 2: BACKGROUND
Regional Geologic Setting
Shelby County, Tennessee lies within the center of the upper Mississippi embayment
(Figure 2A). The cross-section A-A’ (Figure 2B) shows a trough-shaped basin (Figure 2C)
whose axis roughly follows the Mississippi River and plunges to the south. The upper 900
meters (3,000 ft.) of the embayment is filled with a series of sand aquifers with high hydrologic
conductivity that are separated by clay-bearing confining units with low hydraulic conductivity
(Figure 2C, and Figure 3) (Moore and Brown, 1969; Brahana and Broshears, 2001; Carmichael
et al., 2018).
Geologic units underneath Shelby County include unconsolidated sand, silt, and clay with
minor lignite deposited in the upper Cretaceous to middle Tertiary. The upper Tertiary deposits
of the area are characterized by fluvial-terrace deposits, consisting of sand and gravel with minor
clay, which are overlain by Quaternary silt and silty clay deposits. The surficial unit of the
MRVA and present-day streams are alluvium of Holocene age in the Memphis area (Carmichael
et al., 2018). The study area includes critical hydrogeologic units which are, from top to bottom,
a leaky confining unit in the upper MRVA (MRVA confining unit), the MRVA aquifer, the
UCCU, and the Memphis aquifer (Figure 2C).
The MRVA is elongated in extent from north to south. It extends from the southeastern
part of Missouri, Illinois, and Kentucky to northern Louisiana and includes parts of Arkansas,
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Louisiana, Tennessee, and Mississippi (

Figure 1: (A) Map showing the extent of the MRVA. The red box is showing the location
of Shelby County. (B) Location of the study area in the context of Shelby County and MRVA.
The red box indicates the research area. (C) Map showing known and suspected breaches in the
study area along with the well fields present within a 10-mile radius. Breaches shown in the map
are digitized from Brown (1993)A). The sand and gravel alluvium in the MRVA comprise the
MRVA aquifer (Lloyd and Lyke, 1995; Carmichael et al., 2018). The silt and clay of the upper
20 m of MRVA (overall thickness 50 m) comprise the MRVA confining unit (Carmichael et al.,
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2018). The thickness of the MRVA aquifer varies from 15 m to 53 m in the study area (Brahana
and Broshears, 2001).
The uppermost Tertiary units in the Memphis area are the Cockfield and Cook Mountain
formations, which are composed mostly of clay, silt, and fine sand (Cushing et al., 1964;
Carmichael et al., 2018). These two formations also comprise the UCCU, which overlies the
Memphis aquifer (Figure 2C and Figure 3). The thickness of the UCCU varies from
approximately 114 m in the northwest to 0 m in the southeast part of Shelby County (Parks,
1990; Carmichael et al., 2018). Although both the formations consist of fine-grained sediments,
the Cook Mountain Formation predominantly consists of clay and is the primary confining layer
for the Memphis aquifer (Parks, 1990; Carmichael et al., 2018). The Cockfield Formation is thin
or absent below the Mississippi River alluvial plain. The thinning or absence of UCCU at some
locations in Shelby County indicates local hydrologic connectivity between the Memphis aquifer
and overlying MRVA aquifer (Criner et al., 1964; Bell and Nyman, 1968; Parks and Lounsbury,
1976; Graham and Parks, 1986; Parks, 1990; Parks and Carmichael, 1990; Parks and Mirecki,
1992; Larsen et al., 2003, 2013, 2016; Gentry et al., 2005, 2006; Ivey et al., 2008; Carmichael et
al., 2018).
The Memphis aquifer is composed primarily of the Eocene Memphis Sand, which is also
part of the Claiborne Group. It extends over 19,166 square kilometers beneath western
Tennessee with thicknesses ranging from 152 to 271 m (Brahana et al., 1987; Parks and
Carmichael, 1990; Kingsbury and Parks, 1993) and includes unconsolidated coarse- to finegrained sand with interbedded silt and clay (Parks and Carmichael, 1990). The maximum
thickness of the Memphis aquifer is about 256 m in the study area (Carmichael et al., 2018).
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Figure 2: (A) Location of the Mississippi Embayment. Map showing the study area in blue and
the location of the cross-section line A – A’. (B) The red and the green dots indicate the location
of the Davis and Allen well fields. (C) Cross-section of Mississippi embayment stratigraphy
along with the cross-section line A – A’. The red and the green dot indicates the location of the
Davis and Allen well fields projected on the cross-section line. (Modified from Bursi, 2015).
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Figure 3: Geologic units underlying Memphis, Shelby County, Tennessee, and surrounding area
(from Graham and Parks, 1986; Parks, 1990; Kingsbury and Parks, 1993) (Adapted from
Carmichael et al., 2018).
9

Aquitard Breach Studies
Previous studies in the Memphis area have investigated leakage from the shallow aquifer
to the Memphis aquifer, especially in areas where the Memphis aquifer is potentially vulnerable
to contamination. Criner et al. (1964) studied geological and geophysical logs to create a series
of subsurface contour maps and prepared water-level contour maps from 150 wells. Their study
indicated that in some parts of the Memphis area, the UCCU is absent, and the Memphis aquifer
is overlain directly by the shallow aquifer.
Graham and Parks (1986) mapped the average thickness of the confining units above and
below the Memphis aquifer, gathering information from geophysical logs and historical maps.
The thickness map of the confining layers suggests that the confining layer above the Memphis
aquifer is thin or absent in the study area. The water-table map created by the authors also
suggests the presence of a downward vertical gradient from the MRVA to the Memphis aquifer.
The vertical leakage was supported by the study of selected isotopes of carbon and hydrogen in
water from the Memphis and Fort Pillow aquifers. The study also established an average
geothermal gradient using geophysical methods showing deviation from the norm in the area,
indicating the presence of vertical inter-aquifer water movement. Four locations in Shelby
County were identified where the UCCU is thin or absent:
1. In the eastern part along and north of the Wolf River
2. In the southeastern part along Nonconnah Creek
3. In the southcentral part along Nonconnah and Johns Creeks, and
4. In the western region in a belt along the Mississippi River.
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Parks (1990) prepared detailed maps of the thickness of the UCCU using U.S. Geological
Survey (USGS) geophysical logs. The report created water-table maps and potentiometricsurface maps using water-level data for the MRVA and Memphis aquifers, respectively, to study
possible contaminant transport in the area. A detailed isopach map of the UCCU shows the
locations of potential breaches in southwestern Shelby County and suggest a vertical connection
between the MRVA and Memphis aquifers in these breach areas, as inferred from the water-table
and potentiometric-surface maps.
Koban et al. (2011) investigated mixing and the source of the modern water near the
Davis well field and found evidence of leakage of MRVA water into Memphis aquifer using
water chemistry, tritium, and 3H/3He data. Trends in chemical data, tritium, and other
hydrogeologic data suggest the potential for contamination of Memphis aquifer through the
breaches present in the study area.
Although most previous studies used geophysical and geological logs, water tables, and
water chemistry data to study the breaches, some researchers used geophysical methods to find
the breaches as well. Waldron et al. (2009) applied shallow seismic reflection surveys at the
Shelby County Landfill (SCL) at Shelby Farms Park. Their study interpreted the presence of a
paleo-valley incised through the UCCU to the Memphis aquifer (Figure 4). The paleo-channel
incision suggested the presence of breaches in the area.
Schoefernacker (2018) conducted a resistivity survey and assessed groundwater and
surface water quality to determine the current extent of contamination in the groundwater at the
SCL. The resistivity data were processed with 2-D and 3-D inversion models, interpreted with
the aid of groundwater, geophysical, and geological data, and the results suggest there was
contaminant movement in the SCL from the alluvial aquifer to the Memphis aquifer. The
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leachate impacted water was modelled using inverse resistivity identify the leachate migration
path from the shallow aquifer to the Memphis aquifer indicating the locations and the extents of
the breaches (Figure 5).

A

C

B

Figure 4: (A) Shallow seismic transect locations at the Shelby County Landfill, Shelby Farms
Park. (B) Seismic profile of transect SE–NW, and (C) Seismic profile of transect SW–NE.
Dashed lines indicate possible paleochannel delineation indicating erosion of the UCCU due to
paleochannel incision (adapted from Waldron et al., 2009)
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Figure 5: Composite of 2D resistivity models at the former Shelby County Landfill. The inset map showing the orientation of survey
lines (adapted from Schoefernacker, 2018).
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Konduru Narsimha (2007) used historical groundwater well logs and water-level
information to identify anomalous depressions in the water table in Shelby County and showed
an anomalous cone of depression near the Davis well field. Subsequently, Ogletree (2016) used
kriging to create a water-table map in Shelby County and, similarly, showed an anomalous cone
of depression in the water table near the Davis well field.
Jazaei et al. (2018) identified zones of horizontal and vertical conductivity in the UCCU
by groundwater flow modeling in the area. The study suggests that there is moderate vertical
conductivity present between the MRVA aquifer and the Memphis aquifer near the Davis well
fields, Tennessee Valley Authority (TVA), in the President’s Island, and south of their study area
(Figure 6).

Figure 6: The map shows the calibrated vertical hydraulic conductivities of UCCU. It shows
relatively higher vertical hydraulic conductivities in three zones: Memphis Depot Industrial Park
(MDIP), Tennessee Valley Authority (TVA), and President’s Island, and the south of the study
area (Jazaei et al., 2018).
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Ground Penetrating Radar
GPR is an electromagnetic geophysical technique used to perform high-resolution
mapping of subsurface features. GPR techniques have been used in geological (e.g., Carrozzo et
al., 2003; Nobes and Ferguson, 2001; McMechan et al., 1998), hydrological and hydrogeological
studies (e.g., Van Overmeeren, 1998; Beres and Haeni, 1991), and in the study of water
contamination (e.g., Benson, 1995; Daniels et al., 1995).
GPR uses a short pulse of high frequency (10–1,200 MHz) electromagnetic energy
transmitted by the antenna through the ground surface. It then receives reflections from
boundaries between layers or internal irregularities of different electrical properties (Figure 7).
The amount of energy that is reflected in a radar antenna is dependent upon the contrast in the
relative dielectric permittivity (𝐸𝑟) of the two layers (Figure 8). Abrupt boundaries separating
contrasting materials reflect more energy than gradual edges separating elements with similar 𝐸𝑟
(Batayneh et al., 2014). The reflection is recorded on the surface, and the time between
transmission and detection at the surface is proportional to depth. The depth of penetration of a
GPR system is highly site-specific and is limited by the attenuation of the transmitting signals.
Generally, greater penetration is attained in dry, sandy, and rocky soils, whereas low penetration
occurs in moist, clayey conductive soils (Cai et al., 1996; Liner and Liner, 1997; Wolf et al.,
1998; Batayneh et al., 2002).
Water plays a critical role in the attenuation of GPR waves in the subsurface as water has
a significant RDP contrast with both sediments and air. Changes in water content and variations
in sediment texture and size can cause the attenuation of radar waves. Reflection from the watertable is usually very distinct in different depositional settings, and the position of the water table
on the radargram is relatively easy to locate. In fine-grained materials, the exact position of the
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saturated zone reflector on the radargram can be indistinct and difficult to locate due to changing
thicknesses of the capillary fringe due to variations in small, interconnected pore spaces
(Johnson, 1992).
According to Martinez and Byrnes (2001), the effect of porosity differences is more
distinct when water inhabits the pores. Higher differences in porosity are unlikely except
between high porosity sands and shales or siltstones. However, the increasing water saturation
can be associated with an initial decrease in the ratio of the amplitude of the reflected wave to the
incident wave (reflection coefficient) when water is present in both layers. In water-saturated
sediments, mineralogic differences are insignificant compared to the RDP of the water in the
pores (Martinez and Byrnes, 2001). Moreover, conductive clay aquitards attenuate GPR signals
more rapidly (Department of Earth Ocean and Atmospheric Sciences, 2006). Thus, higher
attenuation of the GPR signal is expected in the study area due to the presence of the MRVA
confining unit near the surface. Higher attenuation of the GPR signal limits the depth of
penetration in the study area.
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Figure 7: Principal of GPR data collection (Modified from Cao et al., 2018)

Figure 8: Typical GPR radargram showing contrast in the boundaries between two layers. The red dashed line represents a contrasting
boundary between two adjacent layers. The left axis represents depth in meter, and the right axis represents the two-way travel time in
nanoseconds. The bottom axis represents the distance in meters. The dashed orange line is a reflection of radar waves from the nearest
power line. The yellow dashed horizontal line is a reflection of radar waves from the water table surface.
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CHAPTER 3: RESEARCH HYPOTHESIS AND SIGNIFICANCE
This study hypothesizes that GPR is useful to –
(a) Study the subsurface stratigraphy of the MRVA aquifer.
(b) Image the top of the UCCU beneath the MRVA.
(c) Imaging the significant change in RDP at the contact of the MRVA and UCCU.
The primary concern that may limit the utility of GPR in this setting is the low depth of
penetration due to high attenuation of radar waves in water-saturated, fine-to-coarse-grained
clastic sediments.
The hypothesized utility of GPR in the MRVA was tested at a location where a breach in
the UCCU has been previously identified using borehole data in the MRVA west of the Davis
well field (Parks et al., 1995; Koban et al., 2011). It was also applied on President’s Island in an
area of a suggested breach for which no borehole data are available (Figure 1). This study
explores the opportunities to expand the application of GPR analysis of fluvial deposits in similar
hydrogeologic settings.
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CHAPTER 4: RESEARCH METHODS
Data Collection Method
The GPR data for this study were collected across open fields along multiple survey lines
in areas of authorized access (Figure 9). The presence of trees and shrubs, ponded surface water,
and human-made drainage systems for irrigation constrained the survey path in the study areas.
A MALÅ GX system from MALÅ Geoscience, Australia, and a PulseEKKO Pro system from
“Sensors & Software,” Canada, were used to collect data in three areas: President’s Island, Horn
Lake cut-off, and near the Ensley Bottom pump station (Figure 9A). For the MALÅ GX system,
a 160 MHz hyper-stacking antenna was used to collect data from both President’s Island (Figure
9B) and the Ensley Bottom pump station (Figure 9D). The PulseEKKO Pro system was coupled
with a 50 MHz antenna to collect data at the Horn Lake cut-off (Figure 9C). The antennae
separation (transmitter and receiver antennae) for MALÅ GX is 0.72 m and PulseEKKO Pro is
one meter. Antennae generating different frequency radar waves are used to explore the depth of
penetration in saturated fine sediments (Conyers, 2012). The PulseEKKO Pro system uses a
separate transmitter and receiver antennae (Figure 10A), whereas the MALÅ GX system
combines the transmitter and receiver in a single housed system (Figure 10B). Data were
recorded using a wheel-triggered transmission method that transmits a GPR trace with each
revolution of the cartwheel, and then stored on an internal hard disk drive of the GPR unit.
The surveys were conducted in the study area (Figure 9A) to identify stratigraphic
reflectors and the top of the UCCU by analyzing radargrams, the images of the subsurface
produced by stacking the received electromagnetic signals (Figure 8). Wells present in the
Ensley Bottoms and Horn Lake cut-off areas are used as an external control method to confirm
the depth of penetration of 30 – 35 m beneath the land surface. Well control is limited by the
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availability of the well-logs in the study area from the USGS or U.S. Army Corps of Engineers.
Wells A1, A2, A4, and A5 (Figure 9A) provide well control for the top of the UCCU (Parks et
al., 1995), and well A3, located near the Horn Lake cut-off, shows the absence of the UCCU in
the research area (Parks et al., 1995).

A

B

C
D

Figure 9: (A) Map showing all survey lines along which GPR data were collected. (B) Location
of the survey lines in the President’s Island, (C) Location of survey lines in the Horn Lake cutoff, and (D) Location of survey lines near the Ensley Bottoms pump station
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Transmitter
Receiver

The housing
system.
Transmitter

Receiver

Figure 10: (A) Installation of the transmitter and receiver in the PulseEKKO Pro system. The
transmitter is mounted on the antenna at the back of the cart. The receiver is mounted on the
antenna at the front of the cart. (B) The MALÅ GX system is a compact system with a
transmitter, receiver, and antennae that are installed in a single shielded housing system.
The MALÅ GX system is installed in a cart and towed at the back of a vehicle (Figure
11A). Data were collected by pulling the cart at a speed of 8 to 16 km/hour (5 to 10 mph) near
the Ensley Bottoms pump station and on President’s Island. The transmitter and the receiver
were mounted on a pushcart. We collected the data by walking at an average pace of 3 km/hr
(1.8 miles/hour.) (Figure 11B) with the PulseEKKO system. Both systems have a built-in or
external GPS connected to the GPR unit that records the position of the transmitted and received
data with ±1m accuracy.
A

B

Figure 11: Data collection methods applied in the study area. (A) The MALÅ GX system, and
(B) the PulseEKKO Pro system
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Ninety-one survey lines were collected: 41 lines were collected near the Ensley Bottoms
pump station, three lines from President’s Island, and 47 lines from Horn Lake cut-off. The total
survey length is 9.2 km near the Ensley Bottoms pump station, 5.3 km at Presidents Island, and
7.1 km at Horn Lake cut-off.
Data Processing and Interpretation Methods
The radargrams collected using the 160 MHz antennae were processed and interpreted
using GPR-SLICE v7.MT, and radargrams collected using the 50 MHz antennae were
interpreted using both GPR-SLICE v7.MT and EKKO_Project™ software from “Sensors &
Software.” Both software modules allow the user to preprocess data and apply filters that
increase the visibility of the acquired data.
GPR-SLICE v7.MT is a complete GPR imaging software designed for making 2D/3D
subsurface images to use in a variety of geotechnical, engineering, and archaeological
applications. The software applies exclusive processes of radargram resampling/binning and then
recreates GPR-data as radargrams using estimation algorithms (GuidelineGeo, 2016).
EKKO_Project™ consists of a base program with file organization, quick visualization of
project information, and automated reporting. A rooted database structure allows all GPR data
and additional files (GPS, topography, photos, notes) to be stored in a single file for a specific
project. EKKO_Project™ displays all GPR lines, grids, and batch processes. Grid and line data
are processed into depth-slices for 3-D visualization (Sensors & Software, 2020).
Data processing in GPR-SLICE v7.MT involves creating a new project file, transferring
the data to the project folder, and then creating and editing information files according to the
equipment used to collect the data. After the creation of the project file, the data are checked for
GPS (Global Positioning System) duplications. If duplicate GPS points are present, they are
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removed from the information files. The removal of the duplication files follows the conversion
of the data to a GPR-SLICE v7.MT readable format.
After the removal of the duplicate GPS points, markers for each line are assigned using
the navigation panel of the software to define the range units recorded. The number of markers is
dependent on the length of the scan. For example, if the scan is 10 m in length, then the software
will assign 11 markers for the respective scan. The number of the markers assigned will always
be 𝐿 + 1, where 𝐿 is the length of the scan. For fractional scan lengths, the markers are
positioned at fractional locations and not precisely in 1 range unit (Goodman, 2020). The radar
data are then converted to a proprietary GPR slice format for processing.
A time-zero correction is done after the conversion of the data. Time-zero correction
removes the air and ground waves from the GPR data (Figure 12) and allows for accurate depth
determinations. The threshold of 0.2 (20% of the maximum signal) was used for determining a
time zero trigger.

Air and ground wave response

A

B

Figure 12: Radargram without (A) and with (B) time-zero correction
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After the initial processing, different filters were used to increase the visibility and clarity
of the data. First, the spectra+gain function was used to set the low-cut and high-cut frequencies
for the bandpass filter. The bandpass filter removes the low and high-frequency noise to
strengthen the signal response (Figure 13). The frequency thresholds for low and high-frequency
noises are 25 MHz and 75 MHz, respectively, for the PulseEKKO system, and are 30 MHz and
80 MHz, respectively, for the MALÅ GX system.

A

B

Figure 13: Effect of the bandpass filter on the radargram. (A) A raw radargram is
showing only a subtle hyperbolic response. (B) The bandpass filter revealed hyperbolic
responses with the low and high-frequency noise removed.
The next step is to use the background filter. Background noise (clutter) is one of the
distressing types of noise that limits the high-resolution imaging abilities of GPR (Rashed,
2015). The clutter noises are horizontal periodical straps that are sometimes strong enough to
mask the actual features of interest in the radargram (Figure 14A). The background removal
filter is a fundamental process where the average scan across a radargram is subtracted from each
trace within the radargram (Figure 14) (Goodman, 2020).
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Figure 14: (A) Radargram is showing the presence of background noise as horizontal bands. (B)
Background noise removed by the background removal filter (modified from Goodman, 2020).
The processed radargrams are then resampled into 25 slices with a 25% overlap in the
data to create grids. The resampled data were gridded using an inverse distance weighting
interpolation method with a 20x20 search radius in x and y-directions. The blanking radius, or
the maximum distance to perform the interpolation into the grid from searched data points
(Goodman, 2020), is also set to 20 for the interpolation. The interpolated grids are then used to
create time-slices (depth-slices). The resolution for the time-slices is selected automatically by
the software, which is 600x600 pixels with relative normalization. Relative normalization
displays each time-slice map normalized to the maximum and minimum grid values (Goodman,
2020).
The depth of penetration is calculated by the software, depending on the input velocity of
0.1 m/ns using the following equation –
𝐷=

𝑉×𝑇

(1)

2

where, D = Depth in meters; V = velocity in m/ns; and T = Travel-time in nanoseconds
(ns).

25

Velocity models can be created from the radargrams using hyperbola matching (Figure
15). The velocity model can be constant, can change with depth (profile), or be a block velocity
model (Goodman, 2020). A velocity profile or block velocity model is created by clicking at
different depths in the radargram and calculating the velocity for the entire scan. A simple
constant velocity model is created by the user keeping a constant velocity for the whole project.
The velocity of to 0.1 m/ns is recommended for the area where the velocity is unknown (Sensors
& Software, 2020). The velocity for this study is set to 0.07 m/ns as the area has alluvial
deposits, which consists of clay, silt, and sand with velocity ranges 0.06 to 0.07 m/ns. Table 1
lists the RDP values and velocity of different subsurface materials.

Figure 15: Hyperbola-matching process for determining the GPR velocity for materials imaged
in radargrams.
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Table 1: Table of relative dielectric permittivity (RDP) (𝜀𝑟 ), and velocity (𝑣) of GPR signal
(Source: Baker et al., 2007).

RDP can be calculated using velocity measured from a hyperbolic response by the
following equation –
𝑐 2

𝜀𝑟 = ( )

(2)

𝑣

where, 𝜀𝑟 is RDP; 𝑐 is the velocity of air (0.3 m/ns); and 𝑣 is the velocity measured from
the hyperbola.
The radargram will show a contrasting boundary when the GPR signal changes its
polarity. When the emitted pulse by an antenna reflects from an interface between two different
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layers with different materials, a change in the signal polarity may occur. Change in polarity
occurs due to an inversion of the reflected amplitudes to the original signal (Rial et al., 2009). In
other words, polarity change of the reflected wavelet occurs when homogeneity of the medium
changes. A reflected signal with the same polarity indicates the presence of a homogeneous
medium to radar waves (Rial et al., 2009).
GPR shows different reflection responses in a radargram. Planar reflections appear as
horizontal or sub-horizontal lines in the radargram (Dojack, 2012) created by linear boundaries
between materials, such as stratigraphic and soil horizons, or the water table. Planar reflections
can be used to identify the depth, shape, size, and orientation of subsurface boundaries and
discontinuities (Dojack, 2012). Point-source reflections commonly appear as a hyperbola in a
radargram, and are produced from distinct, spatially-restricted, non-planar features, such as
rocks, metal objects, voids, and pipes crossed at right angles (Conyers, 2009, 2012). The
hyperbolic image that appears from a point-source reflector is shaped like a cone in three
dimensions, which radiates away with depth. Thus, the peak of the hyperbola signifies the actual
location and depth of the point source (Leckebusch, 2003; Cassidy, 2009; Conyers, 2012). Metal
objects generate strong reflections and are characterized by multiple stacked high-amplitude
responses, denoted as multiples (Conyers, 2012).
Amplitude changes are a result of the differences in subsurface material properties
(Dojack, 2012). High amplitude reflections are caused by the boundaries between materials of
highly distinct physical and chemical properties, and thus RDP values. Alternatively, low
amplitude values reflect materials with similar properties or uniform matrixes (Neubauer et al.,
2002; Conyers, 2013).
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CHAPTER 5: RESULTS AND DISCUSSION
Instrument and Software Sensitivity
GPR data were collected using two different GPR systems, the MALÅ GX and the
PulseEKKO Pro system. While both systems are equipped with different frequency antennae,
they showed a similar depth of penetration in surveys at Horn Lake cut-off. All the data were
collected during the summer in 2019 and 2020. Data collected by the 160 MHz hyper-stacking
antenna at President’s Island and Ensley Bottoms were after three weeks of rainy weather. Wet
conditions prevailed when data from Horn Lake cut-off were collected in summer 2020. These
data were collected using the 50 MHz antennae.
The processed radargrams from both systems also show similar results. For example,
MALÅ GX shows that the actual depth of penetration is 23 m (Figure 16A), whereas the
PulseEKKO Pro shows an actual depth of penetration of 31 m (Figure 16B). However, data
collected with 160 MHz hyper-stacking (high-speed interpolated (interdigitated) sampling
technique patented by Geophysical Survey Systems, Inc (GSSI)) antennae has a better resolution
than the 50 MHz antennae. Few subtle responses are visible below 3m in the radargrams
collected using the MALÅ GX system, whereas the PulseEKKO Pro system shows no subtle
responses below 3m. Sensors and Software introduced an ultra-receiver for the PulseEKKO
system, which might be a better option to collect high-resolution data in the field. Alternatively,
the drier soil condition during data collection at the President’s Island might have help to give
better resolution, as the GPR signal has lower attenuation in dry soils (Table 1). Additionally, the
cart used for the 50 MHz system was not ideal for the field conditions. Each antenna on this
system was nearly 2 m long, and as the pushcart crossed over plow furrows the antenna bounced
excessively. The bouncing of the cart may have introduce system noise in the data.
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Different software packages are available in the market to process and interpret GPR
data. Among those, GPR-SLICE v7.MT and EKKO_Project™ of Sensors & Software are widely
used. The data collected from the Horn Lake cut-off using the PulseEkko Pro GPR system was
processed using both software packages to compare functionality and performance.
GPR-SLICE v7.MT can process data collected by different GPR systems like MALÅ
GX, PulseEKKO Pro, or Noggin. On the other hand, EKKO_Project™ can only process data
collected by the systems which are proprietary of Sensors & Software.
Both software packages offer similar data processing workflow using different filters,
such as bandpass, background removal, gain, and time zero correction. However, in GPR-SLICE
v7.MT, the time zero correction has to be made by the user, whereas EKKO_Project™ applies
the time-zero to the radargram correction automatically.
GPR-SLICE v7.MT can increase the signal-to-noise ratio and map the distribution of
subsurface material with high and low electromagnetic properties with depth (Figure 17A).
However, the signal-to-noise ratio cannot be reduced by EKKO_Project™ (Figure 17B), which
may show a biased time-slice interpretation of the area.
Although GPR-SLICE v7.MT has a slight advantage on the EKKO_Project™; it does not
offer a graphical representation of amplitudes against time domain, which is very helpful to
determine the actual depth of penetration. EKKO_Project™'s graphical interface can plot the
amplitude against the time domain, which shows the attenuation of the radar signal with depth
(Figure 18).
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Figure 16:Radargram LINE00. (A) Processed radargram collected using MALÅ GX system, (B)
Processed radargram collected using PulseEKKO Pro system.
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Figure 17: Time-slice created using different software. (A) GPR-SLICE v7.MT time-slice, and
(B) EKKO_Project™ time-slice.

Figure 18: Plot of Amplitude against time-domain shows attenuation of the GPR signal at
subsurface. The red and green lines represent the amplitude values of different survey lines.
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President's Island
The survey lines collected on President’s Island are located in the northeast part of the
island (Figure 19A). The survey lines DAT_0369, DAT_0370, and DAT_0371 (Figure 19B) are
oriented towards the east-to-west, west-to-east, and northeast-to-southwest, respectively. The
data in the President’s Island were collected using the 160 MHz hyper-stacking antennae coupled
with the MALÅ GX system.
The radargrams DAT_0369, DAT_0370, and DAT_0371 (Error! Reference source not
found.) show that the total depth of penetration in the President's Island is 23 m. Small features
are visible at a depth of 3.2 m, but the signal-to-noise ratio started to decreases below the depth
of 6.3 m. Stratification is clearly visible to depths of 9 or 10 m in DAT_0369 and DAT_0370.
Hyperbolae are present in radargrams (Error! Reference source not found.A, Error!
Reference source not found.B, and Error! Reference source not found.C) between the depths
of 3.2 m and 6.3 m. The velocity of these hyperbolae ranges from 0.27 m/ns to 0.3 m/ns, which
are close to the value of air velocity (Table 1). Survey lines DAT_0369 and DAT_070 were
collected by driving on the path within a forested area (Error! Reference source not found.A
and Error! Reference source not found.B). The series of hyperbolae (orange ellipses) observed
in the radargrams is the response from trees along the GPR lines on President's Island. It is also
possible to get a hyperbolic responses from small boulders or gravels present below the survey
line, which would have a similar velocity of dry sand (Table 1).
High contrast values are present in the radargram DAT_0370 marked by the red circle
(Error! Reference source not found.B), which might be a result of the heterogeneity of soil
material in the area indicated by changes in polarity of the signal. Changes in the polarity are
represented by the contrasting boundaries shown within the hyperbolae (Error! Reference
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source not found.). Gravel and other construction material in elevated roadbed (Figure 21) may
also cause a high contrast in the electromagnetic signal.
Few subtle discontinuous responses (green dashed lines) are observed in all the
radargrams between depths 1.5 – 5 m. The responses might indicate horizontally stratified
deposition due to differences in the sediment size or process of deposition (such as fine sand and
silt couplets due to vertical floodplain accretion). The discontinuity in the responses might be
due to the attenuation of the signals in fine fluvial sediments, desiccation cracks, or possibly are
masked by strong responses from the nearby trees. Carmichael et al. (2018) suggest that the
MRVA alluvium is underlain by a <1 to 8 m lake clay sequence to a depth of 7 or 8 meters,
which may explain the extensive horizontal stratification. DAT_0370 and DAT_0371 show
subtle horizontal and continuous reflection between depths 7.4 and 9.8 m might indicate the top
of the clay suggested by Carmichael et al. (2018). The water table depth measured in the area
from the radargram is about 2.5 m below surface level (BSL) determined from the depth of the
strong continuous response in the radargram. Depth slices cannot be created due to the lack of
sufficient data to create grids for the President's Island.
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Figure 19: (A) Map showing the location of data collection within the research area (black box). (B) Location of the survey lines at
President’s Island.
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Figure 20: Radargram collected on President's Island. (A) Radargram of survey line DAT_0369. The line is oriented in the E-W
direction. (B) Radargram of survey line DAT_0370. The line is oriented in W-E direction. (C) Radargram of survey line DAT_0371is
oriented in the NE-SW direction. The red circles show areas with higher contrast in the electromagnetic signal. The positive polarity is
indicated by red color, and the blue color indicates the negative polarity. The orange ellipse is indicating the response of trees in the
area. The blue dashed line is the water table, and the green dashed lines might indicate horizontal stratification.
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Figure 21: Aerial photograph of the area with higher contrasting values at the President’s Island
site. The red circle shows the area where higher electromagnetic values in the radargram are
present.
Horn Lake Cut-off
The survey lines collected in the Horn Lake cut-off are located in the southeastern part of
the study area (Figure 22B, Figure 23B, and Figure 24C). The area near the Horn Lake cut-off is
used for cultivation during the spring and winter time to produce soybeans. The excessive
rainwater from the field is drained into the Horn Lake cut-off by human-made ditches. The
collected data are divided into three regions according to the location of the nearest well. The
assigned names for the regions are Region A (area near well A3) (Figure 22B), Region B (area
near well A4) (Figure 23B), and Region C (area near well A5) (Figure 24B). Data were collected
using the 50 MHz antennae coupled with the PulseEKKO Pro system.
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A total of 17 surveys was conducted in Region A (Figure 22A). The orientations of all
the lines are given in Table 2. In Region B, a total of 19 surveys was conducted (Figure 23A).
The orientations of all the lines are given in Table 3. A total of 11 surveys was conducted in
Region C (Figure 24A). The orientations of all the lines are given in Table 4.

Table 2: Orientations of survey lines in Region A
Orientation
N-S
S-N
E-W
W-E

Number of Lines
4
2
6
5

Survey Line Name
LINE02, LINE03, LINE13, LINE48
LINE00, LINE15
LINE04, LINE06, LINE08, LINE10, LINE14, LINE16
LINE05, LINE07, LINE09, LINE11, LINE12

Table 3: Orientations of survey lines in Region B
Orientation
N-S
S-N
E-W
W-E

Number of Lines Survey Line Name
9
LINE29, LINE30, LINE35, LINE37, LINE39, LINE41,
LINE43, LINE45, LINE47
2
LINE17, LINE33
4
LINE31, LINE36, LINE40, LINE44
4
LINE34, LINE38, LINE42, LINE46

Table 4: Orientations of survey lines in Region C
Orientation
N-S
S-N
E-W
W-E

Number of Lines
2
1
5
3

Survey Line Name
LINE20, LINE28
LINE18
LINE19, LINE22, LINE24, LINE25, LINE27
LINE21, LINE23, LINE26
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Figure 22: (A) Aerial photograph showing survey lines collected in Region A. The yellow boxes
are the locations of transmission towers in the area. (B) The extent of the Horn Lake cut-off
within the research area. The black box is indicating the location of the Horn Lake cut-off area.
(C) The extent of Region A. The green box indicates the location of Region A.
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Figure 23: (A) Aerial photograph showing survey lines collected in Region B. The yellow boxes
are the locations of transmission towers in the area. (B) The extent of the Horn Lake cut-off
within the research area. The black box is indicating the location of the Horn Lake cut-off area.
(C) The extent of Region B. The green box indicates the location of Region B.
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Figure 24: (A) Aerial photograph showing survey lines collected in Region C. The yellow boxes
are the locations of transmission towers in the area. (B) The extent of the Horn Lake cut-off
within the research area. The black box is indicating the location of the Horn Lake cut-off area.
(C) The extent of Region C. The green box indicates the location of Region C.
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The maximum depth of penetration at Horn Lake cut-off is 31.5 m, using equation (1)
given in Chapter 3. The radargrams show subtle responses due to changes in the electromagnetic
properties in the area (Figure 25). The lower resolution of the radargrams may be a result of
decreasing signal-to-noise ratio or the increasing length of the wavelet.
In Region A, the MRVA rests directly above the Memphis aquifer in the area. Well logs
A4 and A5 suggest that the depth of the top of UCCU in Region B and Region C is 45 m and 26
m, respectively (Parks et al., 1995).
Radargrams from Region A (Figure 26, Figure 27, and Appendix – I: RadArgrams near
the well A3Error! Reference source not found.) show strong responses with sporadic
hyperbolae at a depth of approximately 31m. These responses appear to be due to the presence of
a gravel bed in the study area. The well log for A3 suggests that the gravel bed lies at a depth of
30m (97 ft) (Parks et al., 1995). The velocity measured for the hyperbola at depth approximately
31 m is 0.098 m/ns (RDP 9.37) (Figure 26), suggesting the presence of wet sandy material. The
overlaid A3 well log on the radargram (Figure 26) shows that the top of the gravel bed matches
the depth in the radargram, indicating the GPR likely did image of the top of a gravel bed. Weak
signals in the radargrams of Region A (Appendix – I: RadArgrams near the well A3Error!
Reference source not found.) suggest either the presence of homogenous materials or
attenuation of the signal with depth by the fine-grained sediments. The radar image of LINE04
and LINE14 show a subtle hyperbolic response from the transmission tower, confirmed by
measuring the velocity, which is 0.3 m/ns (air velocity, Table 1) (Figure 27).
Radargram LINE30 in Region B shows the absence of discontinuity of signals vertically,
suggesting possible faults or fractures from 4 m of depth to the bottom (Figure 28). The location
of these possible fault/fractures is 32 m to the north from the starting end of the line. The
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radargrams of east-west trending LINE31, LINE36, LINE 40, LINE44 (Figure 25), and northsouth trending LINE35, LINE43, LINE47 (Figure 29) also show discontinuity or absence of
signal indicating the possible presence of faults/fractures. The radargrams also show changes in
the signal patterns at a depth of approximately 17 m (Figure 25 and Figure 29), which might be
the response from the gravel bed present in the area (Parks et al., 1995). The presence of sporadic
strong reflections in the radargrams (Appendix – III: Radargrams near the well A5) also suggests
that the subsurface area possibly consists of heterogeneous materials with strong electromagnetic
properties. LINE38 image (Figure 29B) shows a robust response near the surface, which is due
to the presence of a water pool/puddle within the survey line. It was not possible to collect GPR
data near the well A4 due to the presence of a deep-water pool. Hence, it is not possible to
correlate a radargram with the well log.
Similar to Region B, possible faults/fractures are also observed in radargrams of Region
C (Figure 30 and Figure 31). Most of the radargrams show densely distributed, strong responses
suggesting possible heterogeneity in the area. Changes in the signal pattern also observed at a
depth of 17m similar to Region B, suggest a continuation of the surface (Figure 31). The overlaid
well log (Figure 30 and Appendix – III: Radargrams near the well A5) shows the presence of
interbedded silty clay layer in the area at a similar depth. The changes in the signal pattern might
indicate the silty clay bedding surface. The top of the UCCU is at a depth of 26 m, shown in the
well log (Figure 30). However, no response is observed at a depth of 26 m indicating the top of
the UCCU. The image of LINE20 (Figure 30) shows the presence of hyperbolae at a depth of
29.8m. The velocity of the top of the hyperbolae is 0.128 m/ns (RDP 5.5), indicating possible
nodular dry clay. North-south oriented LINE20 radargram also shows a possible horst structure
at depths 15m to 17.5m bounded by two possible vertical faults in the north of the study area
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(Figure 30). Images of Region B and Region C indicate the presence of faults or fracture zone
within the depths 2m and 17.5 m. Radargrams of the Horn Lake cut-off suggest that the
heterogeneity in the subsurface increases from south to north, indicated by the increasing density
of the strong reflections.
The water table (Figure 30 and Figure 31) depth measured in the area from the
radargrams is about 0.5 m to 1 m BSL determined from the depth of the strong continuous
response in the radargram.
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Figure 25: Radar images of LINE31, LINE36, LINE40, and LINE44 oriented in E-W direction. The black dashed lines
indicate possible faults or fractures. The green dash-dot lines represent the probable gravel bed boundary. The blue dashed lines
indicate probable water table
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Top of the Gravel bed (?)
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A3
Figure 26: Radargram of LINE00 near the well A3 in Region A oriented in S-N direction. The overlaid image is the well log of A3
from Parks et. al. (1995). The blue dashed line indicates a probable water table location. The probable gravel bed surface is indicated
by the green dashed line.
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Figure 27: Radargrams of LINE04 and LINE14 showing a hyperbolic response of transmission tower or powerline. The blue dashed
line indicates a probable water table location. The probable gravel bed surface is indicated by the red dashed line.
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Figure 28: Radar image of LINE30 in Region B oriented in N-S direction. The black dashed lines indicate possible faults or fractures.
The blue dashed line indicates the probable water table.
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Figure 29: Radar images of LINE35, LINE38, LINE43, and LINE47 oriented in N-S direction. The black dashed lines indicate
possible faults or fractures. The green dash-dot lines represent the probable gravel bed boundary. The black box indicates a response
from the water pool on the surface. The blue dashed line indicates the probable water table.
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Figure 30: Radar image of LINE20 oriented N-S. The overlaid geologic well log is of Well A5. The black dashed lines represent
possible fault lines. The black dashed-double dotted lines indicate a boundary between different lithology modified from Parks et al.
(1995). The green dash-dot line indicates a possible top of the interbedded silty clay layer. The blue dashed line indicates the probable
water table.
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Figure 31: Radar images of LINE18, LINE19, LINE20, and LINE21 in Region C. The black dashed lines indicate possible faults or
fractures. The green dash-dot lines represent the probable gravel bed boundary. The black box indicates a response from the water
pool on the surface. The blue dashed line indicates the probable water table.
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Time-slices are used to spatially map electromagnetic wave amplitude variations at
different times or depths below the surface (Conyers, 2006, 2009, 2013). Time-slices at 25.427.7 m (Figure 32A) and 30.1-31.5 m (Figure 32B) throughout the area show the geographical
distribution of the higher amplitude materials (yellow to red) with depth. The difference in the
amplitude may be due to the changes in the subsurface materials or are possibly influenced by
the nearby transmitting towers and materials with high electromagnetic responses. High
amplitude reflections are produced at margins between materials of highly contrasting physical
and chemical properties (Dojack, 2012). Iron-rich sediments or sediments with magnetite
minerals or have iron oxide matrix, or cement will also attenuate radar waves (Conyers, 2013).
Distribution of the high amplitudes in the study area suggests possible geographically distributed
sediments with an iron-rich matrix or cement.
Responses from the transmission towers are large, wide hyperbolae that have a velocity
close to the air velocity of radar waves. The strength of the responses is dependent on distance
and the antenna frequency of the system. The wavelength of the signal from the 50MHz antennae
is larger than the 160MHz antennae. Thus, the response from the tower might fade with
decreasing frequency. Therefore, it possible that the transmission towers present in the area will
have little influence on the high amplitude distribution.
Figure 32A and Figure 32B show that well A3 is located near an area with low amplitude
(blue to green). Low amplitudes are also distributed vertically at the same depth throughout the
study area. The distribution around the well A4 cannot be determined due to the presence of a
large water around the well prevented data collection in that area. Well A5 is located at a
location where high amplitude subsurface material, such as sediments with iron-rich matrix is
present (Figure 34).
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Isosurfaces are true 3-D images that represent interfaces of a constant amplitude value
(Conyers, 2013). Figure 35, Figure 36, and Figure 37 show the geographical and vertical
distribution of materials with consistently high amplitude. The total volume of the materials with
high amplitude values at Region A, Region B, and Region C is 2529107 m3, 2035680 m3, and
1094687 m3, respectively. The isosurface volume at the Horn Lake cut-off (Figure 38) suggests
that the materials with high amplitudes increase in volume laterally from south to north with low
volume in Region B. The south and the north end of the area is bounded by high amplitude
materials, suggesting a possible enrichment of iron-oxide matrixes (Figure 38 and Figure 39).
The distribution of the high amplitude with depth (Figure 39) suggests that the higher
distribution of the probable iron-rich materials are at the depths of 12.2 m (350 ns), 19.8 m (566
ns), and 26.4 m (754 ns), respectively. However, the isosurfaces do not show surface responses
from the stratigraphic boundaries. It is also possible that features like transmission towers, trees,
or metals at or near the surface are casting a subsurface GPR shadow, represented as constant
amplitude isosurface to the south and the north of the area.

53

Figure 32: Aerial photograph of the study area near well A3 showing Time-slices. (A) Showing time-slice of 25.4-27.7 m, and
(B) Showing time-slice of 30.1-31.5 m. Red lines are the survey lines along which data were collected. The yellow squares indicate
the locations of the electrical transmission towers.
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Figure 33: Aerial photograph of the study area near well A4 showing Time-slices. (A) Showing time-slice of 25.4-27.7 m, and (B)
Showing time-slice of 30.1-31.5 m. Red lines are the survey lines along which data were collected.
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Figure 34: Aerial photograph of the study area near well A5 showing Time-slices. (A) Showing time-slice of 25.4-27.7 m, and (B)
Showing time-slice of 30.1-31.5 m. Red lines are the survey lines along which data were collected.
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Figure 35: A 3D image showing isosurfaces near the well A3. The four time-slice represent depths of 0 m, 12.3 m, 22.9 m, and 31.5
m, respectively.
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Figure 36: A 3D image of isosurfaces near the well A4. The five time-slice represent depths of 0 m, 9.2 m, 17.8 m, 26.4 m, and 31.3
m, respectively.
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Figure 37: A 3D image showing isosurfaces near the well A5. The five time-slice represent depths of 0 m, 6.9 m, 11.9 m, 20.8 m, and
30.3 m, respectively.
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Figure 38: Isosurface volume map in Horn Lake cut-off with time-slices at different depths.
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Figure 39: 3-D image showing amplitude distribution map in Horn Lake cut-off at different depths.
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Ensley Bottoms Pump Station
The survey lines collected near the Ensley Bottom pump station (EBPS) are located at the southeastern corner of the study area
(Figure 40). The data in the EBPS were collected using the 160 MHz hyper-stacking antennae coupled with the MALÅ GX system.
The orientations of the survey lines are given in Table 5.
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Figure 40: (A) The yellow box indicates the extent of EBPS in the research area. (B) Map showing the location of the survey lines in
EBPS. The yellow box indicates the location of the transmission tower, and the orange box indicates the location of a buried tank.
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Table 5: Orientations of survey lines near EBPS
Orientation
N-S
S-N
E-W

W-E

Number of lines Survey Line Name
5
DAT_0328, DAT_0330, DAT_0332, DAT_0333,
DAT_0368
4
DAT_0327, DAT_0329, DAT_0366, DAT_0367
16
DAT_0335, DAT_0337, DAT_0340, DAT_0342,
DAT_0344, DAT_0346, DAT_0348, DAT_0350,
DAT_0352, DAT_0354, DAT_0355, DAT_0357,
DAT_0359, DAT_0361, DAT_0363, DAT_0365
15
DAT_0334, DAT_0336, DAT_0338, DAT_0341,
DAT_0343, DAT_0345, DAT_0347, DAT_0349,
DAT_0351, DAT_0353, DAT_0356, DAT_0358,
DAT_0360, DAT_0362, DAT_0364

Most of the radargrams collected near the EBPS (Appendix – IV: Radargrams near EBPS) record strong hyperbolae. The
velocity of these hyperbolae is 0.3 m/ns, indicating they are air waves; likely reflections from the electrical transmission lines present
in the study area. The total depth of penetration in the area is 23.4 m. DAT_0333, DAT_0335, DAT_0337, and DAT_0340 show
robust hyperbolic responses with gently sloping limbs at the south of Ensley Bottoms study area (Figure 41, and Appendix – IV:
Radargrams near EBPS) between depths 8.5 m and 13.6 m, suggesting the presence of an object such a storage tank characterized by
two hyperbolae crossing each other at the same depth. The top of the object is at approximately 9 m BSL, and the bottom is
approximately 11.5 m BSL. The object is the right dimensions to be an underground storage tank, though the depth seems to be too
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deep. It is also possible the object is something discarded from the adjacent railroad tracks that was buried in the floodplain sediments,
perhaps even an old railroad car. The GPR signal also includes hyperbolae that are airwaves from nearby trees (Figure 43).
ALL THE RADARGRAMS OF THIS AREA SHOW MODERATELY STRONG HORIZONTAL RESPONSES BETWEEN
10.2 M AND 11.9 M BSL, WHICH MIGHT INDICATE CHANGES IN THE RDP VALUES, THUS THE LITHOLOGY.
WELL LOG OF A1, LOCATED ~370M TO THE SOUTH OF THE PROFILE (FIGURE 42, AND APPENDIX – I:
RADARGRAMS NEAR THE WELL A3
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APPENDIX – II: RADARGRAMS NEAR THE WELL A4
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APPENDIX – III: RADARGRAMS NEAR THE WELL A5
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APPENDIX – IV: RADARGRAMS NEAR EBPS
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APPENDIX – V: WELL LOGS FROM PARKS ET AL. (1995)), SUGGESTS THE PRESENCE OF A GRAVEL BED. THUS,
THE RESPONSE IN THE RADARGRAM MIGHT BE THE TOP OF THE GRAVEL BED. THE WELL LOG DOES NOT
READILY EXPLAIN THE HORIZONTAL RESPONSE BETWEEN 8.5 M AND 10.2 M. THIS RESPONSE MIGHT BE
DUE TO CHANGES IN THE WATER CONTENT OR CHANGES IN THE PHYSICAL/CHEMICAL PROPERTIES OF
THE SEDIMENTS THAT ARE NOT EVIDENT IN THE WELL LOG. THE NEAREST WELL, A2, IS LOCATED ~146M
TO THE NORTH OF THE EXTENDED PROFILES. ACCORDING TO THE WELL LOG (APPENDIX – I:
RADARGRAMS NEAR THE WELL A3
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APPENDIX – III: RADARGRAMS NEAR THE WELL A5
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Appendix – V: Well logs from Parks et al. (1995)), a gravel bed is present at 13m BSL
(Figure 42) and its surface is likely what induced the responses in the radargrams at depths
between 11.9m and 13.6 m. The geologic well log of A2 also suggests that the response between
depths 8.5m and 10.2 m is due to changes in lithology.
Radargrams of DAT_0366, and DAT_0367, oriented south to north at the east side of the
field and parallel to the bluff line (Figure 40), show a distinct, concave upward response at 12.6
m at its shallowest and 18.4 m at its deepest with a gentle slope of 5° (Figure 42). The area
missing responses is due to the presence of a mud pool on the surface, which is about is 30 m in
length. The radargram of DAT_0368 oriented north to south, located west of the survey lines
DAT_0366, also shows a similar concave upward response (Figure 43). The response becomes
discontinuous at a distance of ~88 m. The distance between DAT_0367 and DAT_0368 is ~30 m
(Figure 42). The depths of the response in DAT_067 and DAT_0368 are 7.5 m and 6 m BSL,
respectively.
Geologic log data of the wells A1 and A2 suggest that the depth of the top of the UCCU
varies from ~14.6 m BSL to ~26 m in EBPS. No visible reflections are present at depths between
14.6 m and 26 m. The hyperbolae in radargrams DAT_0366 and DAT_0367 (Figure 42) have
velocity ranges from 0.27 to 0.3 m/ns, which indicates airwave velocity. Thus, the top of UCCU
is not visible in the radargrams. The concavity of the responses may show an erosional contact
such as by an inset paleo-channel (Figure 42) in the MRVA. The depth of the concave upward
response in DAT_0367 and DAT_0368 might indicate a surface response that is sloping towards
the west. The offset of the response is 1.5 m. The radargram DAT_0366 (Figure 42) shows two
discontinuities of ~ 3.5 m length, which might represent a possible fracture zone or micro-faults.
The small discontinuities present in the surface appear to be fractured. The small fractures are
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present, possibly due to desiccation, the fault zone that trends through the study area (Figure 42)
or from seismic activity in the nearby New Madrid Seismic Zone. It is not clear if the small
discontinuities are fractured zone or subtle changes in lithology.
The concave upward response in the area is not continuous towards the west. It appears
that the response is closer to the bluff-line and visible within a very tight area. The response from
DAT_0366, DAT_0367, and DAT_0368 is likely the reflection from a gently dipping fault
towards the west of the bluff line.
The visible hyperbolic responses below the concave upward surface in DAT_0368 have
an average velocity of 0.086 m/ns or RDP of 12 (Figure 43). The RDP value (Table 1: Table of
relative dielectric permittivity (RDP) (𝜀𝑟 ), and velocity (𝑣) of GPR signal (Source: Baker et al.,
2007). and the hyperbolic responses suggest the presence of wet clay balls or wet clay nodules
below the concave upward response, suggesting the presence of a possible fault in the area
(Figure 43). The appearance of faults in the area would be consistent with the results of Martin
and Van Arsdale (2017), who show a fault system trending across the study area from north to
south (Figure 44). The velocity of the hyperbolic response at depths 2 – 4 m ranges from 0.25 –
0.3 m/ns, which indicates they are air wave responses from trees.
The GPR achieved the depth of penetration but failed to image the top of the UCCU due
to the high attenuation of the signal in overlying strata caused by fine-grained sediments in the
MRVA confining unit (MRVA CU) overlying the MRVA aquifer (MRVA AQ) (Figure 42).
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Figure 41: Radargrams collected near the Ensley Bottom Pump Station. The left axis of radargrams is depth in meters, and the right
axis represents time in nanoseconds. The axis at the bottom is the length of the survey. The green dash-dot lines represent stratification
boundary. The blue dashed line indicates the probable water table.
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Figure 42: Radargrams DAT_0366 and DAT_0367 oriented south to north along the Bluff line. The red dashed line is showing the
concave upward reflection present in the study area. The strong hyperbola in the radargram is due to powerline interference with the
GPR.
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Figure 43: Radargrams DAT_0368 oriented north to south along the Bluff line. The red dashed line is the reflection surface from the
fault plane.
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Figure 44: Map showing the location of the Shelby faults include the Ellendale, Memphis,
Millington, Cuba, Meeman-Shelby, Western Meeman-Shelby (WMSF), Howe, and Hurricane
Creek graben faults. The red box indicates the research area for this study. All fault positions are
relative to the top of the Memphis Sand. The contour interval is 5 m. Datum is sea level. (Source:
Martin and Van Arsdale, 2017)
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Figure 45 and Figure 46 shows the volumetric distribution of high electromagnetic
materials in the study area. The response in the middle of the study area shows the base of the
transmission tower (Figure 45). There is also what appears to be a north-south oriented dipping
metal object such as a pipe present in the subsurface at a depth of 3.1-7.4 m (Figure 46) and a
metal object between depths of 9.8 m to 17.2 m. It seems that the pipeline is connected to the
tank, suggesting it could be a storage tank, though the depth seems excessively deep. The object
could also be some other rectangular cubic object such as an old train car or shipping container
from the adjacent railroad tracks that sank into a floodplain lake and was buried. The depth of the
pipeline to the north is between the surface and depth 2.5 m BSL. The slope of the pipeline
suggests that the pipeline could be exposed to the surface in the north (Figure 47). The other
responses in the study area might represent buried metals or soil material with high
electromagnetic properties.

N

Figure 45: A 3-D diagram showing the distribution of materials with high amplitude. The red
ellipse is indicating the base of the transmission tower, and the blue ellipse is indicating an N-S
oriented dipping metal pipe. The green ellipse indicates a probable underground storage tank.
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Figure 46: The 3-D isosurface distribution showing the response from a dipping metal pipe (red
ellipse) present in the study area.

N
Figure 47: The isosurface distribution map showing the orientation and slope of the pipeline.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS
This study applied GPR to perform a hydrostratigraphic investigation of the subsurface
near the southwestern part of Shelby County. GPR surveys were used to image the subsurface
and guide interpretations of hydrostratigraphic units present in the area. Key aspects of this work
were to 1) determine the depth of penetration and resolution of GPR in the fluvial depositional
system of the MRVA, 2) locate the top of the UCCU, and 3) identify the stratigraphy of and
probable structures in the subsurface. The study area is divided into three sub-areas: (1)
President’s Island, (2) Horn Lake cut-off, and (3) Ensley Bottoms. Two different antenna
frequency, 160 MHz, and 50MHz antennae were used to verify the depth of penetration and the
resolution of the data. The 160 MHz and 50 MHz antennae were coupled with MALÅ GX and
PulseEKKO Pro systems, respectively. A total of 91 GPR surveys was conducted in the study
area. Data near the Horn Lake cut-off was collected using the PulseEKKO Pro system, and the
MALÅ GX system was used to collect data from both Ensley Bottoms and President’s Island.
Data collected for the study were processed and analyzed mainly using GPR-SLICE v7.MT
software. EKKO_Project™ software is used only to verify the sensitivity of the software. The
same processing workflow is followed in both software packages to ensure consistency in data
analysis. A consistent velocity of 0.07 m/ns was also used for the analysis of the data.
The 160 MHz antennae provided better resolution, whereas the 50 MHz provided a
higher depth of penetration. The dry condition of the soil might contribute to achieving higher
resolution using a 160 MHz antenna. Both software packages offer similar processing options for
the GPR data. However, the GPR-SLICE v7.MT software can process data collected by different
GPR systems, whereas EKKO_Project™ can only process data collected by GPR systems
provided by Sensors & Software. EKKO_Project™ offers a graphical representation of travel-
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time Vs. amplitude, but GPR-SLICE v7.MT does not have an option to visualize the relation
between the travel-time and amplitude, which can be a useful tool to analyze the actual depth of
penetration.
The interpretation of the GPR data collected on the southwestern part of the Shelby
county was limited in various aspects. The required depth of penetration of 30 m was achieved
using 50 MHz antennae in Horn Lake cut-off, but the top of UCCU could not be resolved,
suggesting the UCCU is deeper than 30 m or the signal to noise ratio of the data was too low
Moreover, the GPR data collected on President's Island was limited to a few profiles and was not
enough to interpret the geographical extent of the subsurface stratigraphy in the area beneath
approximately 10 m. However, the interpreted GPR data from the Horn Lake cut-off and Ensley
Bottom pump station shows that GPR data can be used to interpret shallow subsurface
stratigraphy and potentially identify deformation with a depth of penetration about 20m. Few of
the radargrams in the study area show well-defined reflections that can be geologically
interpreted. The absence of reflectors may indicate the absence of contrasting boundaries due to
homogeneous lithologies or due to attenuation of the signal. Signal attenuation is likely due to
fine-grained, clay-rich deposits in the upper alluvium, or possibly interference from the overhead
powerlines. It is also possible to misinterpret the absence of the UCCU surface as a breach due to
the overpowering electromagnetic signal from the transmission tower.
Radargrams of President’s Island shows hyperbolic airwave responses from the nearby
forest. The presence of gravels or possibly buried construction materials is observed in these
radargrams. Subtle discontinuous horizontal reflectors are observed to a depth of approximately
8m BLS, which might be the response from stratified fine-grained deposits in the upper MRVA
present in the area. The time-slices suggest that the area is rich in iron-oxide matrix that
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increases in volume from the south to the north between depths approximately 12m and 20 m.
The GPR signal shows high attenuation where fine materials are present in the area.
Radargrams of Horn Lake cut-off suggests that the area has fractures or faults along with
fractured zones identified by abrupt truncation or absence of signal in the area. An apparent horst
structure is visible in the southern part of Region B. The presence of faults and fractures suggests
Late Pleistocene or Holocene seismic activity has affected the sediments in the study area, which
is consistent with results of Martin and Van Arsdale (2017). The hyperbolic velocity of 0.098
m/ns (RDP 9.37) observed in Region A suggests the presence of gravel beds at a depth of
approximately 30 m, which is consistent with the well log of A3. Changes in the signal pattern
are also observed at approximately 17m BSL, suggesting a change of lithology in the area such
as the presence of gravel beds. The sporadic distribution of strong reflections suggests
heterogeneity of lithology in the area. Although the top of the UCCU was identified at
approximately 26 m from the well log of A5, there is no response observed in GPR lines at Horn
Lake cut-off. However, a hyperbolic velocity of 0.128 m/ns (RDP 5.5) at depth of approximately
30m near the well A5 suggests the probable presence of dry clay nodules.
In the EBPS area, a metallic object is identified from the overlapping strong hyperbolas
between 8.5 m and 13.6 m BLS to the south of the area. A gently sloping object, perhaps a
pipeline, is also observed in the isosurface image connected to the tank. The pipeline is between
~1m to ~7.5 m BLS. Moderately strong responses between 10.2m and 11.9 m BLS suggests
changes in the lithology, possibly gravel bed is present in the area supported by the well log of
A1. The well logs could not explain reflections between 8.5 m and 10.2 m BLS. A concave
upward reflection with a very gentle slope of 5° is present to the west of the bluff line. Well logs
of A1 and A2 suggest that the top of the UCCU is located between 14.6 m and 26 m BSL. The
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concave upward reflection might indicate incision of the sediments in MRVA by a tributary or
channel flowing towards the Mississippi River. Small discontinuities less than 1m length are
observed on the concave upward reflections with two ~3.5 m long discontinuities. The small
discontinuities present in the surface are possibly due to desiccation, or from seismic activity. It
is not clear if the small discontinuities are fractured zone or subtle changes in lithology (Fig?).
However, the concave upward reflection is not continuous to the west, which defies the
criteria of being a continuous surface. Moreover, the response is recorded within a very tight
time interval. There is a displacement of 1.5 m between the two reflections. The offset and the
orientation are consistent with a N-S trending fault plane dipping towards the west. The
reflection is more likely to be a fault plane rather than a paleo-channel incision due to the
presence of the discontinuity.
The soil condition and presence of fine sediments at the subsurface created difficulties in
obtaining useful data using GPR. Attenuation of the signal in the subsurface resulted in weak
responses at near surface. The presence of fine sediments like clay increases the attenuation of
the signal even for the low-frequency antenna. Interferences from the surface materials also
complicate the data interpretation. The attenuation of the signal may be due to the changes in the
water composition or the physical/chemical composition of the sediments. Dry soil conditions
result in higher resolution than wet conditions, as water has high attenuation properties. The
many rain events increased the water saturation in the study area, which cause difficulties in data
collection with higher resolution. GPR signals also become weak with depth in the presence of
fine sediments. The attenuation of signal with increasing depth makes GPR an excellent tool to
study shallow subsurface with a depth of penetration about 20m rather than the deep surface.
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It is recommended to check the suitability of GPR in the study area by using a grid
survey with a narrow spacing of the survey lines. The grid method will be useful to create timeslices without excessive interpolation. It is also recommended to collect data using different
spacing between the transmitter and the receiver antenna, which may increase the depth of
penetration. Using shielded antennae will reduce the noises produced by the bouncing of the
GPR system on the ground. Lastly, it is good to use higher data stacking to ensure a reasonable
resolution of the data.
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